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Several sample methods have been developed to estimate volumes and density 
(the number of trees per unit area) for forest inventories. Among these methods are fixed-
radius circular plot sampling, point sampling and m-tree sampling. Fixed-radius circular 
plot sampling selects sample trees located within a fixed radius of the plot center. Point 
sampling selects sample trees that subtend (that is, their diameters are larger than) an 
angle of fixed magnitude whose vertex is a fixed point on the ground. M-tree sampling 
selects the m trees closest to a sample point on the ground. For example, 4-tree sampling 
selects the four trees closest to a fixed point or plot center on the ground. In m-tree 
sampling, the distance from the plot center to center of the tree which is farthest of m 
closest to the plot center (the mth tree) is used as a plot radius to expand the sample to a 
unit area or forest level. Though the first method has long been implemented to inventory 
plantation forests in Java, the second and the third methods have rarely been applied in 
those areas. 
In Java, Indonesia, plantation forests have been managed by Perum Perhutani (the 
state owned forest enterprise) since 1945. Fixed-radius circular plot sampling has been 
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implemented to estimate volume and density of plantation forests of teak (Tectona 
grandis) since the early 1900's when Indonesia was being colonized by the Dutch. 
Although point sampling and m-tree sampling were proposed and developed for 
estimating volume and density of forest areas, fixed-radius circular plot sampling is still 
used exclusively in forest inventories of teak forests in Java, Indonesia. 
Previous studies comparing point sampling to fixed-radius circular plot sampling 
have been conducted by Grosenbaugh and Stover (1957), Manasiev (1958), Sukwong et 
al. (1971), Matern (1972), and Oderwald (1981) in the United States. These studies 
generally indicated that point sampling could perform acceptably well compared to fixed-
radius circular plot sampling in terms of variance, especially for basal area and volume 
estimation. 
Studies comparing m-tree sampling with fixed-radius circular plot sampling have 
been conducted by Prodan (1968) in West Germany, Rusydi (1982) in Indonesia, 
Payandeh and Ek (1986) in Canada, Jonsson et al. (1992) in Sweden, Lessard et al. 
(1994a), and Lessard et al. (1994b) in the United States. These studies showed that 
m-tree sampling was competitive in terms of efficiency compared to fixed-radius circular 
plot sampling for estimating tree volume and density of the forest areas studied. 
On the basis of the results of the studies mentioned above, point sampling and 
m-tree sampling showed promise for use in forest inventory. Successful applications of 
point sampling and m-tree sampling in several forest types suggested the potential utility 
of these methods for inventories of teak plantations in Java, Indonesia, in which fixed-
radius circular plot sampling is still exclusively used . 
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Objective 
In order to select an appropriate method for use in forest inventories of Javanese 
teak forests, efficiency in terms of practicality, economy and accuracy of inventory 
methods needs to be evaluated. Practicality and economy of the methods are reflected by 
the time and expense required for application of the methods. The accuracy is determined 
by the error of estimation associated with each method in conducting forest inventories. 
The error, time and the expense of each sample method are important since a sample 
method should make forest inventories more practical and economical without sacrificing 
accuracy. Very few, if any, studies comparing the efficiency of fixed-radius circular plot 
sampling to other sample methods have been conducted on mature teak plantations in 
Java, Indonesia. Hence, the objective of this study is to compare the relative efficiency of 
point sampling, m-tree sampling and fixed-radius circular plot sampling, using fixed-radius 
circular plot sampling as the standard of the comparison, for estimating the volume and 
density of mature teak plantations at three management areas of Perum Perhutani, East 
Java, Indonesia. In this way, the most efficient method in estimating volume and density 
of those forests can be ascertained. 
Definitions 
The following definitions will be used consistently through out the rest of this 
study: 
1. KPH is a unit of forest management having a certain forest area ranging from 10,000 
to 50,000 hectares that is managed by Perum Perhutani, 
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2. Perum Perhutani is the state-owned forest enterprise of Indonesia that manages 
plantation forests in Java, 
3. Bonita is a type of a land fertility class according to the forest soil classification system 
used in Java, 
4. Diameter (cm) will refer to the diameter of a circular cross-section of a tree bole at 
breast height (1.3 m), 
5. Basal area (m2) refers to the cross-sectional area of the tree stem at breast height (1.3 
meters), 
6. Tariff refers to a type of domestic volume table developed by Perum Perhutani used to 
convert the tree circumference or diameter to the tree volume in a certain forest area, 
7. Age class (years) refers to the midpoint of a 10-year age classification for trees in teak 
forests, 
8. The population means of interest are volume per hectare (V/ha) and density (the 
number) of trees per hectare (trees/ha) for the total forest areas considered in the 
study, and 
9. The unit of measurement for the volume of the trees per hectare is m3/ha (cubic meter 
per hectare; 1 hectare = 2.54 acres) and the unit of measurement for the density of the 
trees per hectare is trees/ha (trees per hectare). 
CHAPTER II 
REVIEW OF LITERATURE 
Three Types of Sample Methods and their Application 
Selection o f sample units from forested areas has long been recognized as a means 
to gather data used in estimating yield potential of these areas. Fixed-radius circular plot 
sampling, point sampling and m-tree sampling are three types of sample methods which 
have been used in forest inventory. These sample methods have been applied in different 
countries. Associated with each method are different procedures for collecting data used 
to estimate volume and the density (number) of trees in forest areas. To decide which one 
of those sample methods should be implemented in certain forest stands, research which 
compares the advantages and disadvantages of each method is needed for forest inventory 
(Rusydi 1982). 
Fixed-radius circular plot sampling 
A fixed-radius circular plot is a type of sample unit that is limited by circumference 
with a certain radius as the distance between the center and the border of that plot. Trees 
contained in the plot are measured by using conventional tree measurement techniques 
(Loetsch et al. 1978). In teak plantation forests that have been managed in Java, this 
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method is frequently used because applications of alternative methods have not been 
supported by comprehensive results of research for all age classes required. 
To inventory teak plantations in this region, the locations of fixed-radius circular 
plot samples are selected systematically with a random start. The distance between the 
center of a sampling location and the following sampling location (the closest sampling 
location) is 200 meters. Plot volumes are determined by summing the volumes of all trees 
in each plot. Tree volumes are calculated by measurement of circumference and reference 
to a tariff or local volume table. Area and intensity of the plot are established according to 
age classes of the forest stands as shown by Table 1 (perum Perhutani 1979). 
Table 1. Area and intensity of fixed-radius circular plot sampling according to age 
classes of teak plantation forests ofPerum Perhutani in Java, Indonesia. 
Fixed-radius circular plot 
Age classes Intensity (%) 
Area/size (hectares) Radii ( meters) 
I - II 0.02 7.94 0.5 
III - IV 0.04 11.28 1.0 
V and greater 0.10 17.84 2.5 
The volume of forest stands per hectare for each sample plot is estimated by using 
the following procedures (Perum Perhutani 1979): 
~v J 
where: j = an index for individual tree number on the plot, 
Vj = the volume of the t tree in the plot, 
Li = the area of the ith plot in hectares, 
1 = an index for the sample plot in a population, and 
Yi = volume per hectare of the ith sample plot. 
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Further, when nh fixed-radius circular plot samples are selected randomly or 
systematically with random start from a certain forest area (or a stratum), the volume per 
hectare of the forest is estimated through the following formula (Loetsch et al. 1978): 
LSi 
where: Y h = the volume per hectare of the hth stratum, 
Yi = the volume per hectare of the ith sample plot in that stratum, 
1 = 1,2,3, ....... ........ .. ... . , nh, and 
nh = the number of sample plots observed in the hth stratum. 
The density (number) of trees of forest stands per hectare based on a fixed-radius 
circular plot sampling is estimated by the following formula (Perum Perhutani 1979) : 
Zi = T/Li 
where: Li = the area of the ith fixed-radius plot sample in hectares, 
Ti = the density (number) of trees in the ith plot sample, 
1 = an index for the sample plot in a population, and 
Zi = the density (number) of trees per hectare, based on the ith plot. 
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When nh fixed-radius circular plot samples are located randomly or systematically 
with random start in a certain forest area, the density (number) of trees of forest stands 
per hectare (ha) is estimated by using the following formula (Perum Perhutani 1979): 
where: Zj = the density of trees per hectare based on the ith fixed-radius circular plot, 
Zh = the density of trees per hectare in the hth stratum, 
nh = the sample size or the number of sample plots in that stratum, and 
1 = 1, 2, 3, ..... ... .......... ......... , nh. 
Point sampling 
Point sampling is also called the Bitterlich method based on the results of his 
research conducted in 1931 (Bitterlich 1947, Soekiman 1954). The basic idea of this 
method is practical and ingenious because this method eliminates diameter measurements 
for basal area estimation and plot boundary establishment, so that it is also called 
inventory design without sample plot. 
The basal area of forest stands is measured at breast height with a Bitterlich stick or 
spiegel relascope which projects an angle to the trees around the position of the 
measurement center. A tree that has the same width or wider than the view target of the 
instrument is determined as a tally tree. A tree that has less width than that is not included 
in the sample. The sum of trees selected is multiplied by basal area factor of the 
instrument, in order to obtain basal area per hectare of the forest stand. The concept of 
this method is based on Figure 1. 
d 
R o b 
a 
o 
a = the width of the view target ofBitterlich stick or spiegel relascope, 
b = the length ofBitterlich stick (the distance between the eye of user and 
view target of the Bitterlich Stick), 
d = the diameter of the kth tree (at breast height = 1.3 meters) in centimeters, 
R= the distance between the measurement position and the center of the 
circular cross-section of the kth tree bole, or, the radius of imaginary 
circle. 
Figure 1. The measurement according to the Bitterlich method to the kth tree 
in order to obtain basal area of a certain forest area. 
9 
10 
Suppose the measurement is focused on one tree (tree k) among the trees measured 
in a sampling location in the forest (Figure 1). It can be stated that: 
alb = d/R 
where: a = the width of the view target ofBitterlich stick or spiegel relascope, 
b = the length ofBitterlich stick (the distance between the eye of user and view 
target of the Bitterlich stick), 
d = the diameter of the kth tree (at breast height = 1. 3 meters) in centimeters, 
and-
R = the distance between the measurement position and the center of the 
circular cross-section of the kth tree bole, or radius of imaginary circle in 
meters. 
Then: R = (b x d ) 1 a. 
The area of imaginary circle (point sample area) is: n R2 
The basal area of the kth tree is: nd2 /4. 
The ratio between the basal area of the kth tree and the area of imaginary circle (point 
sample area) is: 
nd2 /4 
n(b x d)2 la2 
Since there are some trees to be measured in the forest stand with various basal 
areas in every imaginary circle, then the sum of basal areas of the trees per unit of ground 
area according to their diameter will be: 
Gl nl x (a2 /4b2 ) 
G2 n2 x (a2/4b2 ) 
G3 n3 x (a2/4b2 ) 
where: nl, n2, n3, ...... , nk are the numbers of trees having the same measured diameter 
indicated by 1, 2, 3, ...... , k. 
When the ground area and basal area are measured in the same units, the total basal area 
per unit of ground area is: 
G = G l + G2 + G3 + ......... + Gk = (nl + n2 + n3 + .... .......... + nk) (a2/4b2). 
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When the units of the basal area are square meters per hectare, the conversion factor 104 
(the number of square meters per hectare) must be used in the basal area estimation 
formula as follows: 
G = (nl + n2 + n3 + .................. + nk) 104 x (a2 /4b2). 
When it is noted N = nl + n2 + n3 + ........... .... + nk, then the formula becomes: 
G = N X 104 x a2 /4b2 = N x 2500 x a2 /b2 . 
Since 2500 x (a2 /b2 ) is constant, it is called the basal area factor (BAF). The 
formula can be expressed as follows: 
G=NxBAF 
where: G = basal area of forest stands per hectare, 
N = the number of trees selected by the projection of the Bitterlich stick, and 
BAF = the basal area factor of the Bitterlich stick or spiegel relascope. 
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When one point sample is used to measure a certain forest, the density (number) of 




j~l b ij 
where: Zi = the number of trees per hectare based on the ith point sample, 
bij = basal area of tree j accounted at the ith point sample, 
an Index for point sample number in a population, 
J 1, 2, ................ , k, 
k = the number of trees tallied at the ith point sample, and 
BAF = basal area factor of the Bitterlich stick or spiegel relascope. 
If nh point samples are selected randomly or systematically with random start from a 
certain forest area or a stratum, then the density (number) of trees per hectare is 
determined by the formula (Avery and Burkhart 1994): 
where: Zi = the density of trees per hectare based on the ith point sample, 
Zh = the density of trees per hectare of the hth stratum, 
1 = 1,2,3, ..... ... ... .......... , nh, and 
nh = the sample size of point samples observed in that forest. 
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The volume per hectare of the forest based on one point sample is estimated by the 
following formula (Avery and Burkhart 1994) : 
k BAF X Vij 
Yi=~----
j=l 
where: Yi the volume per hectare based on the ith point sample, 
the volume of tree j accounted at the ith point sample, 
the basal area of tree j accounted at the ith point sample, 
J 1,2, ........... , k, 
k = the number of trees tallied at the ith point sample, 
1 = an index for point sample number in a population, and 
BAF = the basal area factor of the Bitterlich stick or spiegel relascope. 
If there are nh point samples located randomly or systematically with random start in 
a certain forest stand or a stratum, the volume per hectare of the forest area will be (Avery 
and Burkhart 1994): 
where: Yh = the volume per hectare of the forest or the hth stratum, 
Yi the volume per hectare based on the ith point sample, 
1,2,3, ...... ......... ....... , fih, and 
nh the sample size or number of point samples observed in that area. 
;' 
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To evaluate this method, several studies have been performed in the U.S and 
Europe. Grosenbaugh and Stover (1957) conducted extensive field trials in which point 
sampling was compared to fixed-radius circular plot sampling in the context of the U.S. 
Forest Service Forest Survey. Point samples and fixed-radius plot samples were located 
in 12 counties in southeast Texas. From the center of each of more than 600 fixed-radius 
circular plot samples, point samples were conducted by selecting trees with an angle 
gauge so that comparisons could be made. Estimates obtained from point sampling were 
not significantly- different than those obtained from fixed-radius circular plot sampling. 
Though the study indicated that 20% more points would be needed to achieve an 
accuracy equal to that obtained by the fixed-radius circular plot sampling, the time 
required for point sampling was much less. For this reason, Grosenbaugh and Stover 
(1957) concluded that point sampling would often be more efficient than fixed-radius 
circular plot sampling. Afanasiev (1958) conducted another field trial in an even-aged 
longleaf pine (Pinus palustris) stand in southern Mississippi. The estimated results from 
fixed-radius circular plot sampling and point sampling were compared to the results of 
100% inventory (census of the forest population). Afanasiev also found that the results 
obtained from point sampling compared favorably with those obtained from fixed-radius 
circular plot sampling. However, point sampling was not as time consuming as fixed-
radius circular plot sampling. 
Sukwong et al. (1971) compared point sampling to fixed-radius circular plot 
sampling by using computer simulation. Assumptions concerning forest tree diameter 
distributions and spatial distributions were made in order to perform the study. Both 
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random and clumped spatial distributions were considered, but square lattice spatial 
distributions were not considered. Generally, their results indicated that point sampling 
was more efficient for estimating basal area of trees per unit area than fixed-radius 
circular plot sampling. The estimation of volume per unit area was not considered 
explicitly in these simulations, but the authors speculated that comparisons for volume 
estimation might be expected to roughly parallel their results for estimation of basal area 
of trees per unit area for the forest types considered in their study. 
Probability theory was used by several researchers to compare point sampling with 
fixed-radius circular plot sampling. Holgate (1967) demonstrated that point sampling 
would estimate basal area of trees per unit area more precisely than fixed-radius circular 
plot sampling in forests that have a random spatial pattern. Matern (1972) found that 
point sampling gave a basal area per unit area estimate that was more precise than fixed-
radius circular plot sampling in forests having either random or clumped spatial pattern. 
Oderwald (1981) showed that though the point sampling basal area per unit area estimate 
was more precise than that of fixed-radius circular plot sampling in forests having 
clumped or random spatial distributions, plot sampling was more efficient for forests 
having square lattice spatial distributions. 
M-Tree Sampling 
According to Loetsch et al. (1978), this method was reported by Konig and US 
Federal Surveyors in 1935 and Prodan (1968) further developed this method to estimate 
volumes and the number of trees of forest areas in Germany (Prodan 1968, Loetsch et al. 
1978). The trees measured at every sample location are the m closest trees from the 
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center of every sample location. Unlike fixed-radius circular plot sampling, m-tree 
sampling has variable radii which are determined as the distance between the center of the 
sample location and the farthest tree among the m closest trees from that center plus a 
half diameter of that farthest tree. 
Suppose a 6-tree sampling method is used to inventory a given forest area, then the 
application of this method is illustrated by Figure 2. To inventory a given area, six trees 
which are closest to the center of the 6-tree sample plot are measured. The 6th tree (the 
furthest among the six closest trees from the center of the sample unit) is obvious. Then, 
the distance between this tree (the 6th tree) and the center of the 6-tree sample plot is 
measured in addition to measuring diameter at breast height and any other parameters 
required. The area of this sample plot is determined by the formula: 
a6 = the distance between the inside edge of 6th tree (the furthest) and the 
center of the sample, and 
d = the diameter of the 6th tree. 6 
There are two ways to estimate the volume of trees of the forest stand (Figure 2). 
First, the estimated volume of trees is based on the trees included in the area of the m-tree 
sample plot, in which the volume of the trees per plot is determined by adding a half of the 
volume of the farthest tree to volumes of all other trees in the plot. Second, the estimated 




d6 = the diameter of the 6th tree, 
D6 = the distance between the inside edge of the 6th 
tree (the furthest) and the center of the sample, 
R6 = the radius of the sample. 
Figure 2. Determination of radius, sample area and trees 





trees considered in the plot by a correction factor. These procedures are also used 
analogically to estimate density (the number) of trees of the forest stand. 
Method 1. 
Sutarahardja (1976) estimated the volume ofa m-tree sample as ~vi = Vi + v2 + ... + 
(1/2 x vm ). The volume per hectare of the forest based on one sample ofm-tree sampling 
method is determined by the following formula: 
~v .. IJ 
Y j =--
Lj 
where: Yj the volume per hectare of the forest based on the ith sample location, 
~vij = Vi + V2 + ... + (1/2 x vm) or the total volume of the trees included 
in the ith sample location, 
Lj the area of the ith sample location, 
an index for sample location number observed in a population, 
J 1, 2, .......... ,m, and 
m an index for individual tree number tallied in the ith sample location. 
When nh m-tree samples are selected randomly or systematically with random start 
from a certain forest or a stratum, then the volume of trees per hectare of that area is 
estimated by the formula: 
where: Yh = volume per hectare of the hth stratum or the forest, 
Yj = volume per hectare based on the ith sample location, 
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i = 1, 2, 3, ..... ................ , nh, and 
nh = the number of sample locations observed in the hth stratum. 
The density (number) of trees according to the Figure 2 for a 6-tree sample is 5.5 
trees. It means that there are 5.5 trees in the area L = 1/4 X 1tR2 x 10-4 hectares. So, the 
density (number) of trees per hectare based on that sample location is: 
5.5 
Z 5.51L 
114 x 1t R2 X 10-4 
where: Z = the density (number) of trees per hectare based on one 6-tree sample, 
L = the area of that sample location, and 
R = the distance between the central point of the sample and the inside edge of 
6th tree (the furthest tree from the center of the sample among six trees 
included in the sample) plus a half diameter of the 6th tree in that sample 
location. 
When m-tree sampling is used to estimate the density (number) of trees in a certain 
forest area, then the density of trees per hectare based on one sample unit is estimated 
through the following formula: 
Zj = (m - O.5)lLi 
where: Zi = the density of trees per hectare based on the ith sample location, 
Li = the area of the ith sample location, 
m = the total number of trees accounted in the ith sample location, and 
1 = an index for sample location number in a population. 
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If nh m-tree samples are used to estimated a particular forest area or a stratum of the 
forest, the density of trees per hectare of the forest area is: 
LZj 
nh 
where: Zh = the density of trees per hectare of the hth stratum, 
nh = the sample size or the number of observations in the hth stratum, 
Zj = the density of trees per hectare based on the ith sample location, and 
i = 1, ~, 3, ... ...... ...... .. ....... , nh. 
Method 2. 
Moore (1954) discussed bias in m-tree sampling for density in the case where 
distance was measured to only one tree nearest each point located randomly on the 
ground. Thompson (1956) derived the distribution of distance to the mth individual (where 
m may be greater than one) when individuals have a Poisson spatial distribution (randomly 
distributed). Eberhardt (1967) derived the correction factor ((m-l)/m) to estimate density 
(number) of the trees for sample locations for m-tree sampling when m is greater than one. 
This factor has been shown to give unbiased estimates in a forest having a Poisson spatial 
distribution (randomly distributed) and a Negative binomial (clumped forests). However, 
it may be biased for other spatial distributions, such as uniform (plantations). 
The density (number) of the trees based on one m-tree sampling (method 2) using 
the correction factor is determined by using the following formula: 
Zj= ((m - l)/m) x m (llLj) or Zj = (m - l)lLj 
where: Zj = the density of the trees based on the ith sample location, 
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m = the number of trees accounted in that sample location, 
L j = the area of the sample location, and 
1 = an index for sample location number in a population. 
When nh m-tree samples are used to estimate the density of trees per hectare in a 
certain (the hth) stratum, then the estimated density of trees/hectare for that stratum is 
determined by the following formula: 
where: Zh = the density of trees per hectare in the hth stratum, 
Zj = the density of trees per hectare based on the ith sample location, and 
nh = the sample size or the number of observations in the hth stratum. 
Jonsson et at. (1992) and Lessard et at. (1994a) used the correction factor 
«m - l)/m) to estimate the volume of the trees for every sample unit. By using this 
correction factor, m-tree sampling gave the best performance for estimating volume of 
forests having spatial distribution with Poisson pattern in Lapland, Sweden (Jonsson et al. 
1992). However, m-tree sampling using this procedure might give greater bias than point 
and fixed-radius circular plot sampling for forests having other spatial distributions as 
studied by Lessard et at. (1994a) in the clumped hardwood stands. 
The volume of the trees for one sample location is determined as: 
(VI + V2 + ... vm)«m - l)/m) or LVj x «m - 1)/m). 
Therefore, the volume of the trees per hectare based on one sample location is determined 
by the formula: 
((m - l)/m) LVij 
Li 
where: Yi = the volume per hectare of the forest based on the ith sample location, 
LVij = (ViI + Vi2 + ... + Vim) or the total volume of all trees accounted in 
the ith sample location, 
Li the area of the ith sample location, 
J 1,2, ......... , m, 
m = the number of trees considered in the sample location, and 
1 = an index for sample location number in a population. 
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The volume of the trees per hectare in a certain stratum (h) of the forest based on m-
tree sampling with method 2 is estimated by the formula: 
LYi 
where: Yh= volume per hectare of the hth stratum or the forest, 
Yi = volume per hectare based on the ith sample location, 
1 = 1,2, 3, ..................... , nh, and 
nh = the sample size or the number of sample units observed in the hth stratum. 
The applications of m-tree sampling have been esearched in several countries. 
Prodan (1968) compared this method with fixed-radius circular plot sampling for 
estimating volumes of mixed-forests in southern West Germany. The results of the study 
showed that m-tree sampling (6-tree sampling) had smaller standard deviation (10%) than 
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fixed-radius circular plot sampling (0.1 hectares). Rusydi (1982) applied m-tree sampling 
and fixed-radius circular plot sampling to estimate volumes of growing teak plantations in 
Bojonegoro, East Java, Indonesia. The study found that the m-tree sampling was more 
efficient than fixed-radius circular plot sampling (plot size = 0.04 hectares for age classes 
III - IV). Payandeh and Ek (1986) tested a variety of density estimators based on distance 
measurements in randomly patterned, clustered, and uniformly distributed forests . Their 
results showed good performance of m-tree sampling with a ratio estimator for m > 1 0 for 
estimating density in most of forest types examined. A variant of Prodan's method 
(method 1) worked well for randomly distributed forests, but tended to overestimate 
density for other spatial distributions. Jonsson et al. (1992) conducted studies comparing 
m-tree sampling with fixed-radius circular plot sampling for estimating volumes of mixed-
forests in Vastergotland and Lapland, Sweden. The study indicated that m-tree sampling 
had an insignificant amount of bias in forests they studied. The researchers also concluded 
that long-term prognoses related to timber assessment calculations can be of high quality 
when based on inventory data from the m-tree sampling. Lessard et al. (1994a) 
demonstrated the utility of m-tree sampling as an alternative to the more common point 
sampling and fixed-radius plot sampling in northern hardwoods, red pine and clumped 
hardwoods of northern Michigan, U.S .A. The study was conducted to estimate board 
foot volume, cord volume, basal area and number of trees per acre produced by those 
methods. The results of the study showed that the error, cost efficiency index and time 
required for 3-tree sampling were generally better than the other methods tested in 
estimating cord volume, basal area and number of trees per acre. The researchers 
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concluded that 3-tree sampling was competitive on a cost effective basis with point and 
fixed-radius circular plot sampling in randomly patterned forests. Further, the researchers 
also concluded that m-tree sampling provided the parameters of the spatial pattern of tree 
location which were unavailable from point and fixed-radius plot sampling, and which 
would become more necessary as emphasis was placed on ecosystem management rather 
than just management of timber resources. 
The Principles of Stratified Systematic Sampling 
Stratified systematic sampling is a method of sampling in which the population is 
divided into h classes that are called strata. In each stratum, nh samples are selected 
systematically in which only the first sample is drawn randomly. Stratification is used to 
reduce the heterogeneity and to increase the precision of the estimate of the population 
parameters (Sukhatme 1963). 
The Systematic sample in each stratum offers great advantages in organizing control 
over field work. This method is extensively used on account of its low cost and simplicity 
in the selection of the samples (Spurr 1952). The relative position in the population of the 
different units included in the sample is fixed, so that there is consequently no risk that any 
large contiguous part of the population will fail to be represented (Cochran 1977). The 
systematic locations of the samples also provide good estimates of the population and are 
usually easier and faster to execute for forest inventory than random sampling (Husch et 
al. 1982). 
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If the population consists of N units and h strata, and each stratum has Nh units in 
which nh samples are selected systematically with random start, the mean of the population 
is determined by the following formula (Cochran 1977, Sukhatme 1963): 
y= -----
N 
where: Y = the estimated mean of the population, 
Y h = the estimated mean of the hth stratum, 
Nh = the size or the area of the hth stratum, and 
N = the size or the area of the population. 
The estimated vanance of the population mean IS determined by the following 
formula (Cochran 1977): 
2 where: Sy = the estimated variance of the population mean, 
Nh the size or area of the hth stratum, 
N the size or area of the population, 
nh the number of observations in the hth stratum, and 
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Efficiency 
The relative efficiency of a sampling method is often used as the criterion to choose 
an appropriate method that will provide information for management. To select among 
several methods, the main factors that affect efficiency need to be considered (Riyadi 
1975). According to Munawardi (1960), the guidelines in measuring efficiency consist of 
two considerations: 
1. If two methods yield the same expected result, then the method having the lower cost 
or the shorter time is more appropriate for use. 
2. If two methods have the same expense, then the method having better results (such as 
precision, quality, strength, etc.) should be chosen. 
In sampling technique, the definition of the efficiency is the success level of a method 
in terms of its error and time or expense (Nasution and Barizi 1976). Rusch et al. (1982) 
suggested the relative efficiency calculated by multiplying sampling error with the time or 
expense to compare between methods used. This comparison was expressed in the 
following formula: 
2 
[(Cm) Inm] x Tm 
Ef m-p = 
2 
[(Cp) Inp ] xTp 
where: Cm = the coefficient of variation of the estimated mean for the m method, 
Cp = the coefficient of variation of the estimated mean for the p method, 
T m = the time of measurement or expense of the m method, 
T p = the time of measurement or expense of the p method, 
Cp = (Syp / Y p) x 100 %, 
nm = the sample size (the number of observations) of the m method, 
np = the sample size (the number of observations) of the p method, and 
Ef m-p = the relative efficiency of the m method compared to the p method. 
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Population and Sampling Technique 
The population of this study is teak plantation forests at KPH Bojonegoro, KPH 
Madiun and KPH Saradan of Perum Perhutani in East Java, Indonesia. The population 
has age class 8 (71 - 80 years) and is divided into five strata according to bonita (forest 
land fertility class). This stratification is intended to reduce variability caused by 
differences in land fertility in which growth and dimension (diameter, height and volume) 
of the trees are different for every bonita, so that the stratification might be expected to 
increase the accuracy or the precision of the estimation. 
To estimate the mean of the population of interest (the volume per hectare and 
density per hectare of the trees), stratified systematic sampling was applied as the 
sampling design. From each stratum, the central points of sampling locations were 
selected systematically in which the first central point of sampling locations was drawn 
randomly using a random number table. The area and stratification of the population, and 
the number of samples for each method studied in each stratum are expressed by Table 2. 
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Table 2. Area and stratification of the population of the study, and the number of 
samples for each method studied in each stratum. 
Age 
Stratum Bonita class 
I 2.0 8 
II 2.5 8 
III 3.0 - 8 
IV 3.5 8 
V 4.0 8 
Total 
The area of the stratum for each sitelKPH (in ha) Samples for 
each method 
Madiun B.negoro Saradan Total studied 
24.0 5.4 35.9 65.3 18 
16.2 25.4 80.3 121.9 30 
67.9 26.8 94.7 24 
29.4 21.7 51.1 12 
34.4 34.4 9 
137.5 113.7 116.2 367.4 93 
Sample Methods to be Compared 
In order to estimate the volume and density of trees of teak forests studied, nineteen 
sample methods were applied to select sample units for estimation and comparisons. 
These methods consisted of two methods of point sampling, sixteen methods of m-tree 
sampling and one method of fixed-radius circular plot sampling (Figure 3). The two 
methods of point sampling were point sampling with basal area factor (BAF) = 1 
m2/hectare/tree selected, and point sampling with BAF = 2 m2/hectare/tree selected. 
M-tree sampling methods used were divided into two groups, namely, eight methods of 
m-tree sampling (1) and eight methods ofm-tree sampling (2). Eight methods ofm-tree 
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sampling (1) consisted of 3-tree to 10-tree sampling which estimate the volume (or 
density) of trees by using a half volumes (or a half trees) of the mth tree plus the total 
volumes (or the total number) of other trees included in each sample in accordance with 
procedures of calculation method 1 as explained in Chapter II. Eight methods of m-tree 
sampling (2) comprised of 3-tree to lO-tree sampling which estimate the volume and 
density of the trees in each sample by using multiplicative correction factor «m-l)/m) 
which is mentioned as m-tree sampling with calculation method 2 in Chapter II above. 
For fixed-radius-circular plot sampling, this study used plot sampling with the area of 0.1 
hectares which is currently used for inventories of mature teak plantations by Perum 
Perhutani in Java. 
The central points of the sample methods were located at the same points that had 
been selected systematically with a random start in sample drawing. In detail, the methods 
that were compared consisted of: 
1. Point sampling with BAF (basal area factor) = 1 m2/haltree selected, 
2. Point sampling with BAF = 2 m2/haltree selected, 
3. 3-tree sampling (1) or 3-tree sampling with calculation method 1, 
4. 3-tree sampling (2) or 3-tree sampling with calculation method 2, 
5. 4-tree sampling (1) or 4-tree sampling with calculation method 1, 
6. 4-tree sampling (2) or 4-tree sampling with calculation method 2, 
7. 5-tree sampling (1) or 5-tree sampling with calculation method 1, 
8. 5-tree sampling (2) or 5-tree sampling with calculation method 2, 
9. 6-tree sampling (1) or 6-tree sampling with calculation method 1, 
Point sampling: 
• BAF = 1 
M-tree sampling: 
• 3-tree sampling (1) 
• 4-tree sampling (1) 
• 5-tree sampling (1) 
• 6-tree sampling (1) 
• 7-tree sampling (1) 
• 8-tree sampling (1) 
• 9-tree sampling (1) 
• lO-tree sampling (1) 
• 3-tree sampling (2) 
• 4-tree sampling (2) 
• 5-tree sampling (2) 
• 6-tree sampling (2) 
• 7-tree sampling (2) 
• 8-tree sampling (2) 
• 9-tree sampling (2) 
• 10-tree sampling (2) 
Census 
(control) 
Fixed-radius circular plot: 
• area = O. 1 hectares 
BAF = basal area factor, 1 = 1 m2/haftree selected, 2 = 2 m2/haftree selected, 
(1) using calculation method 1 (by adding volume or number of actual 
portions of trees included) in each sample, 
(2) using calculation method 2 (by multiplying correction factor (m-1)/m 
to the total volume or total number of m trees) for each sample. 
Figure 3. Sample methods to be compared in the study. 
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10. 6-tree sampling (2) or 6-tree sampling with calculation method 2, 
11. 7-tree sampling (1) or 7-tree sampling with calculation method 1, 
12. 7-tree sampling (2) or 7-tree sampling with calculation method 2, 
13. 8-tree sampling (1) or 8-tree sampling with calculation method 1, 
14. 8-tree sampling (2) or 8-tree sampling with calculation method 2, 
15. 9-tree sampling (1) or 9-tree sampling with calculation method 1, 
16. 9-tree sampling (2) or 9-tree sampling with calculation method 2, 
17. 10-tree sampling (1) or 10-tree sampling with calculation method 1, 
18. 10-tree sampling (2) or 10-tree sampling with calculation method 2, and 
19. Fixed-radius circular plot sampling with area = 0.1 hectares (radii = 17.84 m). 
In order to evaluate the estimated means of the population obtained from each 
method compared, the results of a census conducted by Perum Perhutani (two years 
before felling the forest) is used as additional material to analyze data in this study. Since 
the forest management practice in this area is to girdle trees two years prior to felling, no 
growth occured after the census. 
Time, Locations and Instruments 
The survey was conducted during the three-month period between May 14, 1994 
and August 14, 1994. The locations of the survey consisted of three management areas of 
Perum Perhutani, namely, KPH Bojonegoro, KPH Madiun and KPH Saradan in East Java, 




In order to gather data needed from the forest in every stratum and the entire 
population, this study used the system of the forest inventory that has been implemented 
by Perum Perhutani. The distance between the centers of two closest sampling locations 
is systematically determined to be 200 meters or one sampling location for every four 
hectare (200 m x 200 m) area, in which the first sampling location is selected randomly. 
Therefore, the ratio between the area in hectares and the number of observations would be 
approximately 4 : 1. In this way, the number of observations for every stratum (nh) can be 
ascertained and the number of observations of the population is automatically determined 
by adding the number of obeservations of all strata. 
Data of each stratum and population 
Each sampling method was performed in each stratum and the data from sampling 
were processed to obtain the estimated mean (the volume per hectare and density of trees 
per hectare) of the population or each stratum. 
Random number table 
This table is used to select the first center (the first central point) of sampling 
location. After the first central point of sampling location was selected randomly through 
this table, the following centers of the sampling site were determined systematically so 
that the distance between a central point and the closest centers of sampling locations was 
200 meters. 
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Tariff or local volume table 
The tariff or local volume table used by Perum Perhutani in Java relates individual 
tree circumference or diameter to the individual tree volume of teak forests in a given 
forest management area. These tables were based on the research since 1940 and every 
management arealKPH has its own local volume table (tariff). These tables were revised 
several times in order to check and improve the precision of the estimation for the volume 
of forest standing stock. Diameter or the basal area can be used to determine the volume 
of teak trees. 
Sample methods and Statistical design 
The sample methods applied in this survey were the sample methods described in the 
literature review (Chapter II). The mean of the population, variance and coefficient of 
variation of each sample method tested are estimated by the procedures of each method 
and stratified systematic sampling described on the previous chapter. 
Relative efficiency formula 
The relative efficiency of each sample method tested will be determined by the 
formula presented in the literature review (Chapter II). Through this formula, the most 
efficient sample type (method) among the sample methods can be ascertained. 
Hardware Instruments 
a. Bitterlich stick (2 units, BAF=l and BAF=2 ), 
b. Circumference band (2 units), 
c. Rolling meters (2 units), 
• 
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d. Compass (2 units), 
e. Stopwatch (1 units), 
f Forest plantation map with scale 1 : 10,000, 
g. Tally sheet and writing instruments, and 
h. Paint, ropes and miscellaneous supplies . 
Data Collection 
The data were divided into two categories. The first category was the data that 
were acquired without direct measurements in the field, namely, the area, bonita, age 
class, and maps of every stratum and population. These data were used to perform 
sampling technique (to draw sampling locations) before direct measurements in the forest 
studied. The second category was the data that were collected by direct measurements in 
the field, namely, diameters of the trees included in each sample method studied, the 
distance between the mth tree and the central point of sampling locations for m-tree 
sampling, the distance between borderline trees (those not clearly 'in' or 'out' in 
projecting the Bitterlich stick) and the central point of sampling locations for point 
sampling if required, the time of measurements for each method compared in this study. 
These data were processed or used to estimate the mean (the volume of the trees per 
hectare) of the population and every stratum, the average time of the measurements for 
each sample method researched, and finally to calculate the relative efficiency of each 
method compared. 
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The direct measurements for collecting the data required were conducted after 
sampling locations had been selected systematically with random start in each stratum. 
The variables measured in each sampling location consisted of the diameter of trees and 
the time of measurements according to each sample method used. To compile the data, 
the following procedures were performed: 
1. The central points of sampling locations for each sample method tested were located 
in the survey area on the same points which had been selected systematically designed 
with a random start. 
2. The distance between the central point of a sampling location and the following 
central point of sampling location (or the closest sampling location) was determined as 
200 meters in the forest area or 20 millimeters on the forest map with scale 1:10,000. 
3. Starting points for obtaining central points of sampling locations (which had been 
selected systematically with a random start) in the forest area were chosen by using 
easily identified locations in the forest (eg. river curves, river merger, triangulation 
points) having the closest distance to one central point of a sampling location or more. 
The central point of the sampling location was determined through the azimuth and 
the distance measurements from the starting points. The remaining central points of 
the sampling locations were determined through the closest definite points found in 
the field from those central points or through the measurements of the distance (200 
meters) between two closest central points of sampling locations toward north, south, 
west or east. 
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4. On each sampling location, the measurements were conducted for each sample 
method tested as following: 
a) Diameter measurements for all trees which were encompassed by the fixed-radius 
circular plot with the area 0.1 hectares (radius of 17.84 meters). Results of these 
measurements were recorded together with the times of the measurements on the 
tally sheet. 
b) Selections of trees by ocular projection through the Bitterlich stick with BAF=1 
and BAF=2 to the trees around the central point of the sampling location were 
recorded together. Diameters of trees that were selected as tally trees were 
measured and recorded in addition to the times of the measurements. 
c) Diameter measurements of three trees that were closest from the central point of 
the sampling location, the distance measurement from the central point of the 
sampling location to the furthest tree among those three trees from that central 
point. Results and the times of these measurements were recorded on tally sheet. 
d) Similar procedures to point e were performed for 4, 5, 6, 7, 8, 9 and 10 trees 
closest to the central point of the sampling location. 
Data Processing 
Data resulting from the measurement of the trees based on each sample method 
tested were used to determine the individual volume of every tree accounted in every 
sample, the area of the sample (for m-tree sampling and plot sampling), basal area of 






The individual volume of every tree measured was determined by converting the 
circumference of the tree to its volume through the tariff or local volume table. These 
results were used to estimate the volume per hectare and density per hectare for every 
sample of each sample method tested in accordance with the estimation procedures of 
these methods as described in the literature review (Chapter II). 
The estimated volume and density of trees per hectare from every sample of each 
method tested were used in further computation which consecutively consisted of: 
l. The estimation of the mean (volume/hectare and density/hectare), vanance and 
coefficient of variation for every sample method tested in each stratum. 
2. The estimation of the mean (volume/hectare and density/hectare), vanance and 
coefficient of variation of the population for each type of the sample method studied 
by stratified sampling formulas. 
3. The computation of the relative efficiency of each sample method. In each case using 
the time and coefficient of variation for 0.1 hectares fixed-radius circular plot sampling 
in the denominator of the relative efficiency formula. This is done because 0.1 
hectares fixed-radius circular plot sampling is the technique currently used, and is a 
logical standard for comparison. 
CHAPTER IV 
RESULTS AND DISCUSSION 
General 
On the basis of samples selected from the forest area studied, the study indicates 
that m-tree sampling (2) (or m-tree sampling using calculation method 2) appears to give 
biased estimates for mean volume and mean density of the teak forest. Table 8 and Table 
14 show that m-tree sampling (2) yields much smaller mean volume and mean density of 
the trees than m-tree sampling method (1) (m-tree sampling using calculation method 1), 
circular plot or point sampling in this study. Compared to the other methods, most of the 
estimated means based on m-tree sampling (2) are also further from the true value of 
mean volume and mean density of the forest based on the census. The 95% confidence 
intervals of the mean for most methods of m-tree sampling method (2) tested do not 
include the true value of the mean volume and mean density of the forest as shown by the 
census results. There are three reasons for these results. First, management practices in 
handling trees for every bonita (land fertility class) such as regular intervals of distance in 
planting trees and systematic thinning causes the teak trees to scatter uniformly resulting 
in a uniform spatial distribution. Therefore, the tree spatial distribution of the forest 
studied is different from the Poisson pattern in which m-tree sampling (2) can give 








in Sweden and Lessard et al. (1994a) in northern Michigan, U.S.A. Second, the estimated 
density of the trees by using formula [{(m - l)/m} x m]/L in m-tree sampling (2) is always 
smaller than the estimate by using formula (m - O.5)/L on m-tree sampling (1) in which the 
actual number of trees are included in the samples as shown by Figure 2. The variability 
of tree diameters within each bonita is small since individual tree volumes within each 
bonita are very similar in the teak plantations studied. Therefore, the estimated density 
(the number) of the trees is approximately proportional to the estimated volume of the 
trees included in the samples. Thus, the smaller estimated density (the number) of trees 
obtained by using methods of m-tree sampling (2) generally yields a smaller estimated 
volume of the trees. Third, the mutiplicative correction factor (m - l)/m of m-tree 
sampling (2) tends to make numbers proportionally smaller resulting in a smaller standard 
deviation. As the result, the smaller estimated mean volume or smaller mean density and a 
smaller standard deviation gives a shorter confidence interval centered at a lower level. 
This fact can prevent the 95% confidence interval of m-tree sampling (2) from containing 
the true value of the mean volume and mean density of the forest studied. 
Based on Tables 3 to Table 7 and Tables 9 to Table 13, only a few situations of 
m-tree sampling (2) have confidence intervals which include the true value of mean 
volume and mean density of the teak trees in strata studied. Generally, these methods 
consist of m-tree sampling (2) having more than 6 trees included in the samples (m>6 
trees) in some strata. These results occur for two reasons. First, population standard 
errors are smaller than stratum standard errors because they are based on more samples. 
So, in a particular stratum, the 95% confidence interval of the estimated mean is more 
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likely to include the true value of the mean volume and mean density of the strata, since a 
larger standard error implies a wider confidence interval. However, the standard error 
associated with population estimates (for all strata combined) is too small to permit a 
confidence interval wide enough to contain the true value of mean volume and mean 
density for the entire population researched. These facts can be seen in strata 1, 4 and 5 
in which some methods of m-tree sampling (2) include the true value of mean volume and 
mean density of the forest, but for the whole population, the 95% confidence interval of 
these methods does not contain the true value of the mean volume and mean density of 
the forest. Second, although the estimated mean of m-tree sampling (2) is always smaller 
than that of m-tree sampling (1), the estimates of volume and density for m-tree sampling 
(2) will be proportionally closer to the estimates of m-tree sampling (1) if larger number 
of trees are involved in the samples. Therefore for certain strata, confidence intervals 
from m-tree sampling (2) contained the true mean if the number of trees (m) was large 
enough. However, even in these cases, the standard errors associated with estimates for 
the whole population were smaller than for individual strata. Consequently, confidence 
intervals of m-tree sampling (2) for the whole population including all strata did not 
include the true population mean for any value of m = 3 to m = 10 (Table 7). Hence, the 
application of m-tree sampling (2) does not seem to yield reliable estimates of volume and 
density of the forest studied. 
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Results in Volume Estimation 
Stratum 1. 
In the context of volume estimation, all of the methods applied in this study give 
the smallest estimated mean volume for Stratum 1. These results are in harmony with the 
result of the census in which the true value of mean volume show the smallest number 
(50.2842 m3/hectare) for this stratum. This fact is consistent with classification of land 
fertility expressed by bonita of the forest area in which the Stratum 1 (bonita 2.0) is 
classified as the forest area having the lowest class of land fertility among the forest areas 
researched. For estimation of this true value of mean volume, the methods tested give the 
results as illustrated by Table 3. 
All methods of m-tree sampling (1), circular plot, and point sampling show 
approximately same value of the estimated mean volume in this stratum (Table 3). These 
methods together with 8-tree sampling (2), 9-tree sampling (2) and 10-tree sampling (2) 
yield confidence intervals which include the true value of mean volume of Stratum 1. 
Among these methods, 5-tree sampling (1) and 7-tree sampling (1) show smaller standard 
deviation than the rest of these methods. These two methods also comparatively yield 
shorter confidence intervals and smaller coefficients of variation in which the proportion 
of the standard deviation is expressed as a percent of the estimated mean volume. This 
fact indicates that 5-tree sampling (1) and 7-tree sampling (1) give better accuracy and 
narrower confidence intervals for estimating volume of the trees in the Stratum 1 
compared with other methods tested in this study. 
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Table 3. Results in volume estimation based on 18 samples selected from Stratum 1 
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[44.6379 ; 57.0749] 
[43.6303 ; 57.2661] 
[45.1818 ; 55.7984] 
[44.5968 ; 55.9806] 
[45.0356 ; 53.8997] 
[44.3064 ; 55.9029] 
[45.6926 ; 54.5012] 
[46.5131 ; 54.4454] 
[45.6503 ; 54.5574] 
[43.5607 ; 55.7323] 
[35.0125 ; 44.0955] 
[37.7935 ; 47.2385] 
[40.2072 ; 48.8402] 
[39.9788 ; 50.0782] 
[42.1139 ; 50.2423] 
[43.0032 ; 50.7102] 
[43.0107 ; 51.6673] 
[41.5050 ; 52.8716] 
[45.3405 ; 55.8101] 
































































The real difference between 5-tree sampling (1) and 7-tree sampling (1) is shown 
by their efficiency ratio. In this case, 5-tree sampling (1) is more efficient than circular 
plot sampling as the standard comparison, while 7-tree sampling (1) is less efficient than 
circular plot sampling. Moreover, in terms of efficiency, 5-tree sampling (1) appears as 
the best method with efficiency ratio of 0.7968. Hence, among the methods studied, 
5-tree sampling (1) is the most efficient method in estimating volume of this stratum. The 
increased efficiency of 5-tree sampling (1) as compared to 7-tree sampling (1) is due to 
the fact that less-time is required for 5-tree sampling (1) (Table 3). 
Stratum 2. 
Compared with Stratum 1, Stratum 2 (bonita 2.5) has higher yields with the true 
value of mean volume of 90.7362 m3/hectare. This result is in accordance with bonita 
classification in which a higher bonita is expected to produce more yield in terms of the 
volume/hectare (Table 4). 
Variations of the estimated mean volumes provided by the methods studied are 
shown in Table 4. However, these results can be generally divided into two categories: 
the estimated mean confidence interval which includes the true value of mean volume of 
the forest, and the estimated mean having confidence interval which does not include the 
true value of the mean volume of the forest. 
Among the methods having confidence interval of the mean volume that includes 
true mean volume, 5-tree sampling (1) yields the closest estimated mean to the true value 
of mean volume of this stratum. The smallest coefficient variation and the shortest 
confidence interval with smaller standard deviation are also associated with this method. 
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Table 4. Results in volume estimation based on 30 samples selected from Stratum 2 


























(Area 0.1 hectares) 
Estimated Standard 























[85.6723 ; 92.6629] 
[87.1766 ; 94.9838] 
[81.1834 ; 92.0588] 
[81.5614 ; 91.7582] 
[87.7226 ; 93.6886] 
[87.7512 ; 95.6682] 
[85.3970 ; 93.6086] 
[85.2141 ; 94.5427] 
[83.2980 ; 91.6304] 
[85.3163 ; 93.2107] 
[64.8256 ; 73.1157] 
[71.7149 ; 80.6063] 
[77.5103 ; 83.0337] 
[78.9536 ; 86.1742] 
[78.7327 ; 86.6237] 
[79.0375 ; 88.1065] 
[78.8996 ; 85.9712] 
[80.7214 ; 87.9994] 
[87.8173 ; 94.9933] 
































































These facts suggests that 5-tree sampling (1) yields the best accuracy for estimating 
volume of the forest studied in this stratum. 
In view of efficiency, 5-tree sampling (1) also yields the best result for this stratum. 
To estimate the volume of the trees in the Stratum 2, this method shows an efficiency 
ratio of 0.4973 which is the best ratio for any method tested. Hence, among the methods 
applied in this study, 5-tree sampling (1) is the most efficient method for estimating 
volume of the Stratum 2. 
Stratum 3. 
Stratum 3 obviously shows higher yield than previous strata with the true value of 
mean volume is 149.2495 m3lhectare. As for Stratum 1 and Stratum 2, this result is in 
agreement with bonita classification, since the bonita (land fertility class) of this stratum is 
higher than for the former strata. Estimates of the true value of mean volume, for each of 
the methods tested are given by Table 5. 
The best estimate of mean volume for this stratum is given by 5-tree sampling (1) 
(Table 5). This method gives an estimated mean volume which is approximately equal to 
the true value of mean volume for this stratum. Although 5-tree sampling (2) shows 
smaller value of standard deviation, coefficient variation and narrower 95% confidence 
interval, 5-tree sampling (1) has a confidence interval that contains the true mean volume 
of the stratum. For 5-tree sampling (2), however, the 95% confidence interval does not 
include the true value of the mean volume above. Therefore, among the methods 
researched, 5-tree sampling (1) performs best in terms of accuracy for estimating mean 
volume of the Stratum 3. 
t 
•• 
Table 5. Results in volume estimation based on 24 samples selected from Stratum 3 
(bonita 3.0) of the study area with true value of mean volume 149.2495 
m3/hectare. 
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Estimated Standard 95 % confi- Coefficient Mean Efficiency 
Method mean vol. deviation dence interval of variation time ratio 
(m3/hectare) (%) (min) 
Point Sampling: 
BAF=1 145.5520 15.8047 [138.8772 152.2268] 10.8584 9.1062 1.9701 
BAF=2 144.6108 19.8573 [136.2244 152.9972] 13.7315 4.3014 1.4882 
-
M-Tree Sampling (1): 
3-Tree Sampling 148.7704 17.7757 [141.2631 156.2777] 11.9484 1.6972 0.4446 
4-Tree Sampling 145.2067 16.3607 [138.2970 152.1164] 11.2672 2.2188 0.5168 
5-Tree Sampling 149.0866 12.9300 [143.6258 154.5474] 8.6728 2.7354 0.3775 
6-Tree Sampling 146.4624 17.0026 [139.2816 153.6432] 11 .6089 3.3910 0.8385 
7-Tree Sampling 147.9537 13.2378 [142.3629 153.5445] 8.9473 4.0257 0.5913 
8-Tree Sampling 147.6517 15.7102 [141.0168 154.2866] 10.6400 4.7979 0.9967 
9-Tree Sampling 144.3681 16.9912 [137.1922 151.5440] 11.7694 5.7688 1.4663 
10-Tree Sampling 149.2186 16.8429 [142.1053 156.3319] 11.2874 6.8646 1.6048 
M-Tree Sampling (2): 
3-Tree Sampling 119.0054 14.9677 [112.6841 125.3267] 12.5774 1.6972 0.4926 
4-Tree Sampling 123.6707 13.9638 [117.7733 129.5681] 11.2911 2.2188 0.5190 
5-Tree Sampling 131.6397 11.0855 [126.9579 136.3215] 8.4211 2.7354 0.3559 
6-Tree Sampling 132.5702 14.1585 [126.5906 138.5498] 10.6800 3.3910 0.7097 
7 -Tree Sampling 136.8822 12.6730 [131.5300 142.2344] 9.2584 4.0257 0.6332 
8-Tree Sampling 136.8116 15.0322 [130.4630 143.1602] 10.9875 4.7979 1.0628 
9-Tree Sampling 136.1022 16.2363 [129.2451 142.9593] 11.9295 5.7688 1.5064 
10-Tree Sampling 140.7768 16.4746 [133.8190 147.7346] 11.7026 6.8646 1.7250 
Circular Plot: 
(Area 0.1 hectares) 154.4820 17.8971 [146.9235 162.0405] 11.5852 4.0604 1.0000 
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Most methods of m-tree sampling show better efficiency ratios than point or plot 
sampling (Table 5). Of methods that have confidence intervals containing the true mean 
volume, 5-tree sampling (1) has the best value of the efficiency ratio (0.3775). On the 
basis of these facts, 5-tree sampling (1) seems to be the best method to estimate volume of 
the trees of the Stratum 3 due to its accuracy and its efficiency ratio. 
Stratum 4. 
For Stratum 4, the true value of mean volume is 181.3113 m3/hectare. This is 
significantly larger than volumes for the previous strata and suggests the response of a 
forest area having a higher productive potential as indicated by a higher bonita. The 
estimates of this mean volume for the methods studied are given in Table 6. 
On the basis of the Table 6, 9-tree sampling (2), 10-tree sampling (2), all methods 
of m-tree sampling (1), circular plot and point sampling have 95% confidence intervals 
that contain true mean volume. 
The best result in estimating mean volume of Stratum 4 is shown by 5-tree 
sampling (1). Among the methods having confidence intervals which include the true 
value of mean volume, 5-tree sampling (1) yields the best confidence interval, standard 
deviation and the best coefficient variation. Also, 5-tree sampling (1) is the method 
having the best efficiency ratio among the methods tested whose confidence intervals also 
include the true mean volume. 
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Table 6. Results in volume estimation based on 12 samples selected from Stratum 4 












M-Tree Sampling (1): 
3-Tree Sampling 175.6988 13.3074 
4-Tree Sampling 177.2050 15.9240 
5-Tree Sampling 177.7993 9.1475 
6-Tree Sampling 180.1320 1l.0622 
7 -Tree Sampling 183.4201 12.7124 
8-Tree Sampling 178.7386 14.1815 
9-Tree Sampling 180.7903 17.7458 
10-Tree Sampling 184.0428 23 .2876 
M-Tree Sampling (2): 
3-Tree Sampling 137.5833 1O.27l7 
4-Tree Sampling 15l.9444 15.8091 
5-Tree Sampling 157.2961 6.5691 
6-Tree Sampling 165.1149 10.9907 
7-Tree Sampling 170.2490 13 .3702 
8-Tree Sampling 164.4076 12.2137 
9-Tree Sampling 17l.4739 18.5748 
10-Tree Sampling 175.3898 2l.9612 
Circular Plot: 
(Area 0.1 hectares) 172.6055 19.8904 
95 % confi-
dence interval 
[159.2852 ; 18l.8138] 
[165.6733 ; 185.6487] 
[167.2436 ; 184.1540] 
[167.0873 ; 187.3227] 
[17l.9872 ; 183.6114] 
[173 .1034 ; 187.1606] 
[175.3430 ; 19l.4972] 
[169.7280 ; 187.7492] 
[169.5151 ; 190.0655] 
[169.2465 ; 198.8391] 
[13l.0569 ; 144.1097] 
[14l.8997 ; 16l.9891] 
[153 .1223 ; 16l.4699] 
[158.1317 ; 172.0981] 
[16l.7539 ; 178.7441] 
[156.6473 ; 172.1679] 
[159.6720 ; 183.2758] 
[16l.4362 ; 189.3434] 
[159.9677 ; 185.2433] 

































































Stratum 5 has a greater yield than any other stratum since the true value of mean 
volume is 205.2242 m3/hectare. This result is expected since this stratum has the highest 
bonita among the strata studied. In terms of the 95% confidence interval, this stratum 
shows similar results to Strata 1 and 4. All methods of m-tree sampling (1), circular plot 
and point sampling, and some methods of m-tree sampling (2) show confidence intervals 
which include the true value of the mean volume of this stratum. But, in this case, 7 -tree 
sampling (2) appears as the best method in terms of standard deviation, confidence 
interval and coefficient variation. Although 5-tree sampling (1) and point sampling with 
BAF = 1 show estimated means closer to the true value of the mean volume, 7-tree 
sampling (2) yields the smallest standard deviation and coefficient variation besides having 
the shortest confidence interval. Hence, 7-tree sampling (2) yields the best precision in 
estimating volume of the Stratum 5. 
All methods of point sampling and most methods of m-tree sampling give better 
efficiency ratios than circular plot sampling. This fact indicates that these methods are 
more efficient than circular plot sampling. Among these methods, 7-tree sampling (2) 
shows the best result with an efficiency ratio of 0.1064. Therefore, 7-tree sampling (2) 
appears to be the most efficient method in estimating volume of this stratum. 
Population. 
The entire population of the forest consisting of all strata combined has a true value 
of mean volume of 121.7469 m3/hectare. Results from the use of the methods studied to 




Table 7. Results in volume estimation based on 9 samples selected from Stratum 5 
(bonita 4.0) of the study area with true value of mean volume 205 .2242 
m3/hectare. 
Estimated Standard 95 % confi- Coefficient Mean Efficiency 
Method mean vol. deviation dence interval of variation time ratio 
(m3 Ihectare) (%) (min) 
Point Sampling: 
BAF=1 204.0793 21.4830 [187.5660 ; 220.5926] 10.5268 12.0481 0.7838 
BAF=2 191.8926 22.1707 [174.8507 ; 208.9345] 11.5537 6.5889 0.5163 
M-Tree Sampling (1): 
3-Tree Sampling 174.3759 46.6237 [138.5378 ; 210.2140] 26.7375 1.5648 0.6567 
4-Tree Sampling 177.0006 30.3760 [153.6515 ; 208.3496] 17.1615 2.2056 0.3813 
5-Tree Sampling 202.7714 25 .4437 [183 .2137 ; 222.3291] 12.5480 2.7704 0.2561 
6-Tree Sampling 197.6262 26.4090 [177.3265 ; 217.9259] 13.3631 3.3981 0.3562 
7 -Tree Sampling 212.2221 15.6311 [200.2070 ; 224.2372] 7.3654 4.0426 0.1287 
8-Tree Sampling 220.6802 28.5126 [198.7635 ; 242.5969] 12.9203 4.8518 0.4755 
9-Tree Sampling 200.8115 36.7485 [172.5641 ; 229.0588] 18.3000 5.6741 1.1155 
10-Tree Sampling 192.0476 33.9462 [165.9543 ; 218.7409] 17.6760 6.6611 1.2218 
M-Tree Sampling (2): 
3-Tree Sampling 138.2082 36.9420 [109.8121 ; 166.6043] 26.7292 1.5648 0.6563 
4-Tree Sampling 153.0283 24.2447 [134.3922 ; 171.6644] 15.8433 2.2056 0.3250 
5-Tree Sampling 177.0287 19.6047 [161.9592 ; 192.0982] 11.0743 2.7704 0.1995 
6-Tree Sampling 180.3415 22.5532 [163.0056 ; 197.6774] 12.5059 3.3981 0.3120 
7-Tree Sampling 198.6244 13.2966 [188.4037 ; 208.8450] 6.6944 4.0426 0.1064 
8-Tree Sampling 205.6179 26.6239 [185.1530 ; 226.0828] 12.9482 4.8518 0.4775 
9-Tree Sampling 188.3053 35.3171 [161.1582 ; 215.4524] 18.7552 5.6741 1.1717 
10-Tree Sampling 181.8698 31.7816 [157.4403 ; 206.2993] 17.4749 6.6611 1.1941 
Circular Plot: 
(Area 0.1 hectares) 217.2647 38.6473 [187.5578 ; 246.9716] 17.7881 5.3833 1.0000 
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Table 8. Results in volume estimation based on 93 samples selected from the entire 












M-Tree Sampling (1): 
3-Tree Sampling 116.8248 
4-Tree Sampling 116.3376 
5-Tree Sampling 121.0305 
6-Tree Sampling 120.6432 
7-Tree Sampling 122.1180 
8-Tree Sampling 122.3735 
9-Tree Sampling 119.0015 
10-Tree Sampling 120.4822 
M-Tree Sampling (2): 
3-Tree Sampling 92.6649 
4-Tree Sampling 100.1645 
5-Tree Sampling 106.9310 
6-Tree Sampling 109.4897 
7 -Tree Sampling 113.1983 
8-Tree Sampling 113.4396 
9-Tree Sampling 112.3272 
10-Tree Sampling 114.0861 
Circular Plot: 























[116.0489 ; 121.8915] 
[115.6551 ; 122.0639] 
[112.7891 ; 120.8605] 
[112.9744 ; 119.7008] 
[118.5585 ; 123.5025] 
[117.6651 ; 123.6213] 
[119.6748 ; 124.5614] 
[119.2313 ; 125.5157] 
[115.4541 ; 122.5489] 
[116.8503 ; 124.1141] 
[ 89.4405 95.8893 ] 
[ 97.2700 103.0590] 
[104.8694 ; 108.9926] 
[106.8733 ; 112.1061] 
[110.8606 ; 115.5360] 
[110.4770 ; 116.4022] 
[108.8953 ; 115.7591] 
[110.6508 ; 117.5214] 
[119.8197; 127.1501] 
































































The estimated mean volume shows some variation among the methods studied. An 
underestimate in mean volume is shown by all methods of m-tree sampling (2) as 
consequences of some factors discussed in the general discussion above. Among the 
other methods, 3-tree sampling (1) and 4-tree sampling (1) also underestimate mean 
volume. Although the variability for tree diameter is small in teak plantations, the results 
in Table 8 suggest that when only 3 trees or 4 trees are included in the samples they are 
not enough to represent the variability in tree diameters at the sample locations. A larger 
sample of trees "at each sample location may also tend to reduce biases associated with m-
tree sampling. All methods other than m-tree sampling (2), 3-tree sampling (1) and 4-tree 
sampling (1) have confidence intervals that include the true value of the mean volume of 
the population. 
The best estimates of the mean volume are shown by 5-tree sampling (1) and 7-
tree sampling (1). Among the methods having a confidence interval that contains the true 
value of the mean volume, 5-tree sampling (1) and 7 -tree sampling (1) yield the smallest 
standard deviation, the shortest confidence interval and the smallest coefficient of 
variation. These methods exhibit approximately same value of standard deviation and 
coefficient of variation. However, the estimated mean volume of 5-tree sampling (1) is 
approximately equal to the true value of the mean volume of the population (121.0305 
m3 Ihectare), while the estimated mean volume of 7 -tree sampling (1) shows a slight 
overestimate (122.1180 m3/hectare) . 
Except point sampling with BAF = 1, 9-tree sampling and 10-tree sampling, the 
methods studied show smaller efficiency ratios than circular plot sampling. But no 
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methods of m-tree sampling (2), 3-tree sampling (1) or 4-tree sampling (1) can be 
categorized as unbiased methods in estimating volume of the population since these 
methods do not have confidence intervals that contain true mean volume. The 95% 
confidence interval of the methods studied is one of the important considerations used to 
compare the methods studied since an inventory method cannot be applied in practice if it 
is significantly biased. Therefore, in order to select an appropriate method to be applied in 
forest inventory, the efficiency ratio needs to be supported by an evaluation of accuracy 
for the estimate-which is expressed by the estimated mean and the confidence interval. 
On the basis of the considerations mentioned above, there are five methods that 
have a good efficiency ratio and do not show significant bias. These methods consist of 
point sampling with BAF = 2, 5-tree sampling (1), 6-tree sampling (1), 7-tree sampling (1) 
and 8-tree sampling (1). Of these methods, 5-tree sampling (1) shows the best 
performance with efficiency ratio of 0.3313 . Hence, 5-tree sampling (1) is considered the 
most efficient method of those not significantly biased in estimating volume of the 
population studied. 
Results in Density Estimation 
Stratum 1. 
This stratum yields mean density of 45.0383 trees/hectare. This result is generally 
close to the estimated mean density given by the methods studied except for 3-tree 
sampling (2), 4-tree sampling (2) and 5-tree sampling (2). The responses of all the 
methods studied in estimating this mean density are given by Table 9. 
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Table 9. Results in density estimation based on 18 samples selected from Stratum 1 




mean density. deviation 
(treesihectare) 
Point Sampling: 
BAF=1 43.5886 16.0516 
BAF=2 41.9377 17.8682 
M-Tree Sampling (1): 
3-Tree Sampling 44.2531 13.5665 
4-Tree Sampling 45.5162 13.1623 
5-Tree Sampling 44.4482 11.3841 
6-Tree Sampling 44.8199 13.3217 
7-Tree Sampling 45.1305 12.4705 
8-Tree Sampling 45.5127 12.8147 
9-Tree Sampling 45.6415 13.7989 
10-Tree Sampling 45.1747 14.4659 
M-Tree Sampling (2): 
3-Tree Sampling 35.4025 10.8532 
4-Tree Sampling 39.0139 11.2820 
5-Tree Sampling 39.5095 10.1192 
6-Tree Sampling 40.7454 12.1106 
7-Tree Sampling 41.6589 11.5112 
8-Tree Sampling 42.4786 11.9604 
9-Tree Sampling 42.9567 12.9872 
10-Tree Sampling 42.7971 13.7045 
Circular Plot: 
(Area 0.1 hectares) 45.0000 13.8267 
95 % confi-
dence interval 
[35.2613 ; 51.9159] 
[32.6680 ; 51.2074] 
[37.2151 ; 51.2911] 
[38.6878 ; 52.3445] 
[38.5423 ; 50.3541] 
[37.9089 ; 51.7309J 
[38.6610 ; 51.5999] 
[38.8647 ; 52.1607] 
[38.4829 ; 52.8001] 
[37.6701 ; 52.6793] 
[29.7721 ; 41.0329] 
[33.1610 ; 44.8668] 
[34.2599 ; 44.7591] 
[34.4626 ; 47.0281] 
[35.6871 ; 47.6307] 
[36.2738 ; 48.6834] 
[36.2192 ; 49.6942] 
[35.6875 ; 49.9067] 
[37.8270 ; 52.1730] 
































































Table 9 shows that the estimated mean densities of 3-tree sampling (2), 4-tree sampling 
(2), and 5-tree sampling (2) are comparatively much smaller than the true value of the 
mean density mentioned above. Unlike other methods tested, the 95% confidence 
intervals of these three methods do not include the true value of the mean density, so that 
these methods show significant bias in estimating density of this stratum. 
In general, all methods of m-tree sampling (1) and circular plot sampling estimate 
the true value of the mean density more closely and their 95% confidence intervals contain 
the true mean density. These methods generally exhibit shorter confidence intervals and 
smaller coefficients of variation. Of these methods, the three most efficient methods are 
3-tree sampling (1), 4-tree sampling (1) and 5-tree sampling (1) according to efficiency 
ratios in Table 9. Among these methods, 5-tree sampling (1) gives the best result with an 
efficiency ratio of 0.7388. 
Of all methods, 5-tree sampling (1) exhibits the best result for estimating the 
density of this stratum. Of all the methods whose confidence intervals contain the true 
mean density, 5-tree sampling (1) has the smallest standard deviation, coefficient of 
variation, and efficiency ratio. 
Stratum 2. 
The true value of mean density for this stratum is 66.2765 trees/hectare. This mean 
density is generally close to the estimated mean density given by methods of point 
sampling, circular plot and m-tree sampling (1). The estimates of this mean density given 
by the methods studied is presented in Table 10. 
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Table 10. Results in density estimation based on 30 samples selected from Stratum 2 











M-Tree Sampling (1): 
3-Tree Sampling 64.9696 15.4901 
4-Tree Sampling 62.8710 16.1773 
5-Tree Sampling 64.3126 13.3562 
6-Tree Sampling 65.7864 13.3463 
7-Tree Sampling 64.5962 12.8924 
8-Tree Sampling 65.0756 13.3700 
9-Tree Sampling 63.1107 12.5963 
10-Tree Sampling 64.3183 12.1314 
M-Tree Sampling (2): 
3 -Tree Sampling 51.9757 12.3962 
4-Tree Sampling 53.8894 13.8662 
5-Tree Sampling 57.1668 11.8721 
6-Tree Sampling 59.8058 12.1330 
7 -Tree Sampling 59.6272 11.9007 
8-Tree Sampling 60.7372 12.4787 
9-Tree Sampling 59.3983 11.8553 
10-Tree Sampling 60.9331 11.4929 
Circular Plot: 
(}\rea 0.1 hectares) 66.3333 13.7674 
95 % confi-
dence interval 
[56.9646 ; 67.5426] 
[55.2724 ; 67.3319] 
[59.1861 ; 70.7530] 
[56.8310 ; 68.9110] 
[59.3259 ; 69.2993] 
[60.8034 ; 70.7694] 
[59.7826 ; 69.4098] 
[60.0837 ; 70.0675] 
[58.4077 ; 67.8137] 
[59.7889 ; 68.8477] 
[47.3474 ; 56.6040] 
[48.7123 ; 59.0665] 
[52.7342 ; 61.5994] 
[55.2758 ; 64.3358] 
[55.1839 ; 64.0705] 
[56.0781 ; 65.3963] 
[54.9719 ; 63.8246] 
[56.6421 ; 65.2241] 
[61.1930 ; 71.4735] 












































Unlike other methods in this study, all methods of m-tree sampling (2) exhibit a 
significantly biased estimate of the true mean density mentioned above since the 95% 
confidence intervals of these methods do not include the true value of the mean density of 
this stratum. These methods also yield smaller estimated mean densities than the rest of 
the methods for the reasons discussed in general view mentioned above. Therefore, for 
this stratum, no methods of m-tree sampling (2) can be recommended because of their 
biases in the estimate of the mean density. 
On the basts of standard deviation, coefficient of variation and the 95% confidence 
interval, 10-tree sampling (1) yields the best result, though the values of this method 
approximate closely those of 5-tree sampling (1), 6-tree sampling (1), 7-tree sampling (1), 
8-tree sampling (1), 9-tree sampling (1) and plot sampling. This method also shows a 
shorter confidence interval than those methods. Hence, 10-tree sampling (1) is considered 
the method having the best accuracy in estimating density of the Stratum 2. 
The efficiency of the methods studied exhibits a different rank from the criteria 
discussed above. Although 5-tree sampling (1) and 6-tree sampling (1) show better 
precision than 3 -tree sampling (1), 3 -tree sampling (1) gives the smallest efficiency ratio 
of 0.6675 . So, among the methods whose confidence interval contain the true mean 
density, 3-tree sampling (1) is considered the most efficient method in estimating density 
of this stratum. 
Stratum 3. 
Stratum 3 yields the true value of mean density of 65.9240 trees/ hectare. If this 
value is compared to the estimates of the mean density based on the methods tested, only 
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four methods do not give reliable estimates of this value in the sense that their confidence 
intervals do not contain the true mean density. These methods are 3-tree sampling (2), 
4-tree sampling (2), 5-tree sampling (2) and 6-tree sampling (2). Also, the estimates of 
mean density of these methods are comparatively further from the true value of the mean 
density of this stratum. These facts suggest that these four methods may provide biased 
estimates for forest inventory of the area studied. 
Table 11 presents detailed results of density estimation for Stratum 3 which reflects 
responses of the. methods tested in estimating density of this area. This table suggests that 
point sampling with BAF = 1 shows the best results in terms of the 95% confidence 
interval, standard deviation and the coefficient of variation in estimating density of this 
stratum. Point sampling with BAF = 1 yields the smallest standard deviation and the 
shortest confidence interval. This method also shows the smallest coefficient of variation 
beside having a confidence interval which includes the true value of the mean density of 
the Stratum 3. Based on these results, the point sampling with BAF = 1 is to be regarded 
as the method having the best accuracy in estimating density of this stratum. 
According to Table 11, a group of four methods has the best efficiency ratios 
among methods whose confidence intervals contain the estimate of the mean density of 
this stratum. These methods are 3-tree sampling (1), 4-tree sampling (1), 5-tree sampling 
(1) and 6-tree sampling (1). Of these methods, 3-tree sampling (1) shows the best ratio 
though 5-tree sampling (1) and 6-tree sampling (1) have a more precise estimate of the 
mean density. The 3-tree sampling (1) method yields the smallest efficiency ratio (0.5335) 
and hence this method is regarded the most efficient method in estimating density of the 
Stratum 3. 
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Table 11. Results in density estimation based on 24 samples selected from Stratum 3 











M-Tree Sampling (1): 
3-Tree Sampling 63.5189 18.9470 
4-Tree Sampling 62.6272 19.0545 
5-Tree Sampling 64.9866 17.8062 
6-Tree Sampling 64.3438 17.6829 
7 -Tree Sampling 65.0912 17.3582 
8-Tree Sampling 65.3495 18.2907 
9-Tree Sampling 64.4000 18.8124 
10-Tree Sampling 66.4914 17.7856 
M-Tree Sampling (2): 
3-Tree Sampling 50.8151 15.1576 
4-Tree Sampling 53.6805 16.3324 
5-Tree Sampling 57.7659 15.8278 
6-Tree Sampling 58.4943 16.0754 
7 -Tree Sampling 60.0842 16.0230 
8-Tree Sampling 60.9929 17.0713 
9-Tree Sampling 60.6117 17.7058 
10-Tree Sampling 62.9918 16.8495 
Circular Plot: 
(Area 0.1 hectares) 67.9167 17.9320 
95 % confi-
dence interval 
[56.0976 ; 68.6598] 
[55.8434 ; 70.7906] 
[55.5170 ; 71.5208] 
[54.5799 ; 70.6745] 
[57.4665 ; 72.5067] 
[56.8757 ; 71.8119] 
[57.7603 ; 72.4221] 
[57.6247 ; 73.0743] 
[56.4549 ; 72.3451] 
[58.9799 ; 74.0028] 
[44.4135 ; 57.2167] 
[46.7828 ; 60.5782] 
[51.0813 ; 64.4505] 
[51.7051 ; 65.2835] 
[53 .3172 ; 66.8512] 
[53.7831 ; 68.2027] 
[53.1340 ; 68.0894] 
[55.8757 ; 70.1079] 
[60.3434 ; 75.4900] 

































































The true value of mean density in Stratum 4 is 76.6340 trees/hectare, while the 
estimate of this mean density given by each method tested is shown by Table 12. The 
95% confidence interval of all methods except for 3-tree sampling (2), 4-tree sampling 2), 
and 5-tree sampling (2) contain the true value of mean density. Therefore, the methods 
other than 3-tree sampling (2), 4-tree sampling (2), and 5-tree sampling (2) can be used in 
comparison of efficiency since they have not shown significant bias in estimating density of 
this stratum. 
Among the methods applied in this study, point sampling with BAF = 2 shows the 
most precise estimate of the mean density of this stratum. Besides containing the true 
mean density in its 95% confidence interval, this method shows the smallest standard 
deviation and smallest coefficient of variation. This method also yields the shortest 
confidence interval among the methods studied. Hence, point sampling with BAF = 2 
exhibits the best accuracy in estimating the density of the Stratum 4. 
An interesting result in this stratum is presented by the efficiency of the methods 
studied. Except for point sampling with BAF = 1 and the methods having bias in the 
estimate of the mean density above (since these methods are not considered), the methods 
studied yield efficiency ratios smaller than one. This fact indicates that these methods are 
more efficient than circular plot sampling in estimating density of this stratum. 
The best (smallest) efficiency ratio is associated with 3-tree sampling (1) which has 
an efficiency ratio of 0.3154. So, 3-tree sampling (1) is to be regarded as the most 
efficient method in estimating density in Stratum 4. 
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Table 12. Results in density estimation based on 12 samples selected from Stratum 4 











M-Tree Sampling (1): 
3-Tree Sampling 71.5798 17.2365 
4-Tree Sampling 73.4206 16.8631 
5-Tree Sampling 74.1121 16.3708 
6-Tree Sampling 74.6172 16.5983 
7-Tree Sampling 74.5720 15.0882 
8-Tree Sampling 73.4411 15.3840 
95 % confi-
dence interval 
[59.3674 ; 83.2578] 
[63 .3869 ; 79.3959] 
[60.6282 ; 82.5314] 
[62.7062 ; 84.1350] 
[63.7105 ; 84.5137] 
[64.0711 ; 85.1633] 
[64.9853 ; 84.1586] 
[63.6665 ; 83.2157] 
9-Tree Sampling 74.6142 15.5562 I [64.7302 84.4982] 
10-Tree Sampling 74.6898 15.3008 [64.9681 ; 84.4115] 
M-Tree Sampling (2): 
3-Tree Sampling 57.2639 13.7892 [48.5026 ; 66.0252] 
4-Tree Sampling 62.9319 14.4540 [53.7482 ; 72.1156] 
5-Tree Sampling 65.8774 14.5518 [56.6316 ; 75.1232] 
6-Tree Sampling 67.8338 15.0893 [58.2464 ; 77.4211] 
7-Tree Sampling 68.8357 13.9276 [59.9865 ; 77.6849] 
8-Tree Sampling 68.5450 14.3584 [59.4220 ; 77.6680] 
9-Tree Sampling 70.2251 14.6411 [60.9225 ; 79.5277] 
10-Tree Sampling 70.7587 14.4955 [61.5486 ; 79.9688] 
Circular Plot: 
(Area 0.1 hectares) 73.3333 19.2275 [61.1166 ; 85 .5500] 

































































This stratum yields true value of mean density of83.3430 trees/ hectare. In general, 
this true value of mean density is included in the 95% confidence interval of the methods 
researched, except for 3-tree sampling (2) and 4-tree sampling (2). The methods tested 
yield the estimates of the mean density as described by Table 13. 
Table 13 shows that 7-tree sampling (2) yields the best result in terms of standard 
deviation, confidence interval and coefficient of variation. This method exhibits the 
smallest standard deviation and smallest coefficient of variation among the methods 
studied. This method also yields the shortest confidence interval which includes the true 
value of the mean density in Stratum 5. Based on these facts, 7-tree sampling (2) is 
ranked as the method having the best precision in estimating density of this stratum. 
In terms of efficiency, only 6 of the methods that are not significantly biased show 
efficiency ratios smaller than one in this stratum. These methods are 3-tree sampling (1), 
4-tree sampling (1), 5-tree sampling (1), 7-tree sampling (1), 5-tree sampling (2) and 7-
tree sampling (2). Of these methods, 3-tree sampling (1) gives the best result with 
efficiency ratio of 0.4700. Therefore, 3-tree sampling (1) is the most efficient method for 
estimating density of the Stratum 5. 
Population. 
On the basis of results given by all strata in this study, the population studied has 
the true value of mean density 65.7812 trees/hectare. In general, this mean density is 
included in the 95% confidence interval of all methods of m-tree sampling (1), circular 
Table 13. Results in density estimation based on 9 samples selected from Stratum 5 
(bonita 4.0) of the study area with true value of mean density 83.3430 
trees/hectare. 
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Estimated Standard 95 % confi- Coefficient Mean Efficiency 
Method mean density. deviation dence interval of variation time ratio 
(trees/hectare) (%) 
Point Sampling: 
BAF=1 85.0684 28.0937 [63.4737 ; 106.6631 ] 33.0248 12.0481 3.4543 
BAF=2 79.5345 21.8683 [62.7251 ; 96.3439 ] 27.4954 6.5889 1.3095 
M-Tree Samplingl1): 
3 -Tree Sampling 70.6862 23.8934 [52.3201 89.0523] 33.8021 1.5648 0.4700 
4-Tree Sampling 72.2222 21.9311 [55.3645 89.0799] 30.3662 2.2056 0.5346 
5-Tree Sampling 83.6373 23.0883 [65.8901 ; 101.3845] 27.6053 2.7704 0.5550 
6-Tree Sampling 83.7142 28.8900 [61.5074 ; 105.9210] 34.5102 3.3981 1.0639 
7-Tree Sampling 86.1392 20.4009 [70.4577 ; 101.8207] 23.6836 4.0426 0.5961 
8-Tree Sampling 89.2587 25 .6591 [69.5354 ; 108.9820] 28.7469 4.8518 1.0540 
9-Tree Sampling 80.6063 21.2074 [64.3049 96.9077] 26.3098 5.6741 1.0325 
10-Tree Sampling 77.9420 22.4981 [60.6485 95.2355] 28.8652 6.6611 1.4590 
M-Tree Sampling (2): 
3-Tree Sampling 56.5489 19.1147 [4l.8561 71.2417] 33.8021 l.5648 0.4700 
4-Tree Sampling 61.9047 18.7981 [47.4552 76.3542] 30.3662 2.2056 0.5346 
5-Tree Sampling 74.3443 20.5229 [58.5690 90.1196] 27.6053 2.7704 0.5550 
6-Tree Sampling 76.1038 26.2636 [55.9158 96.2917] 34.5102 3.3981 1.0639 
7 -Tree Sampling 79.5131 18.8316 [65.0379 93.9883] 23.6836 4.0426 0.5961 
8-Tree Sampling 83.3081 23.9485 [64.8997 ; 101.7165 ] 28.7469 4.8518 1.0540 
9-Tree Sampling 75.8647 19.9599 [60.5222 91.2072] 26.3098 5.6741 1.0325 
10-Tree Sampling 73.8398 21.3140 [57.4564 90.2232] 28.8652 6.6611 1.4590 
Circular Plot: 
(Area 0.1 hectares) 87.7778 23.3333 [69.8422 ; 105.7133 ] 26.5823 5.3833 1.0000 
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plot and point sampling. In estimating this mean density, each method studied gives 
results as shown by Table 14. 
As consequences of factors mentioned in general discussion above, all methods of 
m-tree sampling (2) show bias in their confidence intervals. The 95% confidence interval 
of these methods do not contain the true value of the mean density. The estimated mean 
density of these methods also is comparatively further from the true value of the mean 
density than the other methods. Therefore, none of the methods of m-tree sampling (2) 
can be considered for comparison of accuracy and efficiency due to their bias in estimation 
of the mean density. 
Among methods whose confidence intervals contain the true mean density above, 
5-tree sampling (1), 7-tree sampling (1) and la-tree sampling (1) exhibit the best estimates 
of the mean density. These methods show smaller standard deviations and smaller 
coefficients of variation than the others. These methods also yield shorter confidence 
intervals than other methods. In this case, la-tree sampling (1) gives the smallest standard 
deviation, shortest confidence interval and the smallest coefficient of variation. So, 
la-tree sampling (1) is considered the most accurate method in estimating density of the 
population studied. 
A different pattern of results in density estimation is shown by the efficiency of the 
methods studied. The ranking of the precision is generally contrary to the ranking of 
efficiency ratio, except 5-tree sampling (1) which shows much better efficiency than most 
of the methods. In this case, 3-tree sampling (1) exhibits the best efficiency ratio (0.5515) 
although this method yields a larger standard deviation, larger coefficient variation and a 
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Table 14. Results in density estimation based on 93 samples selected from the entire 




mean density error 
(trees/hectare) 
Point Sampling: 
BAF=1 62.3646 1.7718 
BAF=2 61.4902 1.7624 
M-Tree Sampling (1): 
3-Tree Sampling 62.3682 1.7979 
4-Tree Sampling 62.0664 1.7878 
5-Tree Sampling 64.1281 1.6465 
6-Tree Sampling 64.5949 1.7572 
7 -Tree Sampling 64.6686 1.5778 
8-Tree Sampling 65.1094 1.7011 
9-Tree Sampling 63.5621 1.6497 
10-Tree Sampling 64.1940 1.6289 
M-Tree Sampling (2): 
3-Tree Sampling 49.8846 1.4383 
4-Tree Sampling 53.1998 1.5324 
5-Tree Sampling 57.0027 1.4636 
6-Tree Sampling 58.7226 1.5975 
7-Tree Sampling 59.6941 1.4564 
8-Tree Sampling 60.7688 1.5877 
9-Tree Sampling 59.8232 1.5527 
10-Tree Sampling 60.8154 1.5432 
Circular Plot: 
(Area 0.1 hectares) 65.9312 1.7457 
95 % confi-
dence interval 
[58.8918 ; 65.9374] 
[58.0360 ; 65.8444] 
[58.8444 ; 65.8920] 
[58.5622 ; 85.8106] 
[60.9009 ; 67.3553] 
[61.1508 ; 68.0390] 
[61.5762 ; 67.7610] 
[61.7752 ; 68.4436] 
[60.3286 ; 66.7956] 
[61.0013 ; 67.3867] 
[47.0656 ; 52.7036] 
[50.1962 ; 56.2034] 
[54.1341 ; 59.8713] 
[55 .5916 ; 61.8536] 
[56.8396 ; 62.5486] 
[57.6569 ; 63 .8807] 
[56.7799 ; 62.8665] 
[57.7907 ; 63.8401] 
[62.5096 ; 69.3528] 
































































wider confidence interval. This occured because the average time required for 3-tree 
sampling (1) was less than the time required for any other method. The 3-tree sampling 
(1) method is considered the most efficient method in estimating density of the population 
studied. 
Closing View 
On the basis of the discussions described above, this study achieves two major 
results. First, among the methods that did not show significant bias in this study, 5-tree 
sampling (1) is considered the most precise, accurate and most efficient method in 
estimating volume of the study area. Second, in density estimation of the study area, 
3-tree sampling (1) is regarded the most efficient method if compared with other methods 
applied in this study. To decide which method will be used in forest inventory of the 
study area will depend upon the needs of forest managers in the field . 
In general, for the timber management performed for teak plantations, both volume 
and density of mature forests are essential to furnish information for production planning. 
Since the study area is a part of the population of mature teak forests, the application of a 
method needs to yield not only reliable estimates of density but also reliable estimates of 
volume for the forest. One of the major considerations for application of an inventory 
method is the need to obtain accurate information of the forest as efficiently as possible. 
In this case, 3-tree sampling (1) should not be applied alone since risks in terms of bias in 
volume estimation of the forest are likely to occur (Table 8). Although this method can 
efficiently yield reliable estimates of the density of the forest, it does not satisfy the need 
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to have reliable estimates of the volume of the forest. If this method is used together with 
another method that gives reliable estimates of the volume of the forest, additional time 
will be needed. Since large numbers of samples are taken from the mature teak forest for 
management planning every year, this procedure will increase the time need for 
measurements and consequently increase the cost of the forest inventory. Moreover, 
although 3-tree sampling (1) is regarded as the most efficient method in density estimation 
of the forest, the precision of this method is generally less than other methods which also 
have reliable estimates and efficiency ratios less than one. Hence, the application of 3-tree 
sampling (1) for estimating density and volume of the teak forests will probably not be 
practical in actual forest management. 
The application of 5-tree sampling (1) seems to be preferable in estimating volume 
and density of the mature teak forests. Based on volume estimation, 5-tree sampling (1) 
is the most efficient method in estimating volume of the teak forest studied. This method 
also shows the best accuracy in estimating this parameter. For density estimation, 5-tree 
sampling (1) yields much better precision than 3-tree sampling (1) although 5-tree 
sampling (1) is ranked as the second most efficient method in estimating density. 
Moreover, for density estimation of the study area, this method also yields better accuracy 
than most methods applied in this study. Thus, 5-tree sampling (I) may be the most 
suitable of the methods studied for forest inventory of the teak forest. 
It is interesting to note that 5-tree sampling (1) has never been applied for 
inventories of teak plantations in the research area, or anywhere else in Java. The only 
method previously used to inventory this mature forest in this region is the circular plot 
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sampling (0.1 hectares). Hence, successful application of 5-tree sampling (1) in this study 
may lead to a more efficient way of estimating volume and density of the teak plantations 
in this area. 
An inspection of the results of similar studies frequently shows the potential utility 
ofm-tree sampling for forest inventories. Prodan (1968) found that 6-tree sampling (1) 
was the most efficient method among methods tested for inventory of mixed-forests in 
Southern West Germany. Rusydi (1982) concluded that 8-tree sampling (1) was the best 
method of the-- methods studied for estimating volume and density of growing teak 
plantations (age class 3 - 4) in Bojonegoro, East Java, Indonesia. Other results were 
obtained by simulation research conducted by Jonsson et al. (1992). The researcher 
concluded that 6-tree sampling (2) to 12 tree sampling (2) were generally quick and 
objective besides producing insignificant bias for inventory of mixed-forests having 
Poisson spatial patterns in Lapland and Vastergotland, Sweden. Lessard et al. (1994) 
showed that the error, cost efficiency index and time for 3-tree sampling (2) were 
generally competitive with the other methods tested in estimating cord volume, basal area 
and density of randomly patterned red pine and clumped hardwoods in northern Michigan, 
U.S.A. In the study of Lessard et al. (1994a) 3-tree sampling method was more efficient 
than point or fixed-radius circular plot sampling for density and volume estimation in the 
red pine plantation and in clumped hardwoods, while point and fixed-radius circular plot 
sampling were more efficient than m-tree sampling for estimation of board-foot volume in 
the northern hardwoods type. In another comparison of m-tree sampling, point sampling 
and fixed-radius circular plot sampling conducted by computer simulation of mapped 
• •• 
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forest stands, Lessard et al. (1994b) found that 3-tree sampling and point sampling were 
the most efficient methods for the northern hardwoods data, while in the red pine 
plantation, the time required by each of the three techniques to obtain 20% error in 
estimation at the 95% probability level was very similar for all three methods. 
In general, the variation in the results of these studies seemed to be caused by a 
variety of tree spatial distributions and physical situations of the research areas. A variety 
of forest types, including plantations and naturally occurring stands, were represented by 
various studies. -A variety of species were represented as well as differing management 
regimes. As a result, the spatial distributions and intervals of distance among trees are 
different in each area studied. Consequently, there was variation concerning the best 
number of trees (m) for m-tree sampling in different studies. 
A significant feature of these studies was that various methods of m-tree sampling 
frequently showed the best performance in estimating volume and density of the forest. 
These facts indicate that the m-tree methods have significant potential for application. 
Therefore, the results of these studies are supposed to be an input for evaluating forest 
inventory in this region in the future . 
Also there was variation concerning the best method of bias correction for use in 
m-tree sampling. Some studies, such as that of Lessard et al. (I994a) obtained 
satisfactory results with the factor (m-I)lm for bias correction. In other studies, such as 
the one presented here, alternate methods performed better. 
An advantage of fixed-radius circular plot sampling and point sampling over m-tree 
sampling is that both fixed-radius circular plot and point sampling can be proven 
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mathematically to be unbiased for any tree spatial distribution (Palley and Horwitz 1961). 
When the bias correction factor (m-l)/m is used, m-tree sampling has been proven to be 
mathematically unbiased in forests having a Poisson spatial distribution (random spatial 
distribution) and a negative binomial spatial distribution (clumped spatial distribution) 
(Eberhart 1967, Moore 1954, Jonsson et al. 1992). However, there are no mathematical 
proofs of unbiasedness for m-tree sampling in forests having other spatial distributions 
such as uniform (plantations). For forests that do not have either negative binomial or 
Poisson spatial-distributions one must currently rely on results from empirical studies and 
computer simulations. 
CHAPTER V 
SUMMARY AND CONCLUSIONS 
Summary 
Successful applications of point sampling and m-tree sampling in several forest types 
suggested the potential utility of these methods for inventories of teak plantations in Java, 
in which fixed-radius circular plot sampling is still used exclusively. In order to obtain the 
best inventory method for these forests, efficiency of those methods need to be evaluated. 
Therefore, the objective of this study is to compare the relative efficiency of point 
sampling, fixed-radius circular plot, and m-tree sampling, using fixed-radius circular plot 
sampling as the standard of the comparison for estimating volume and density of teak 
plantations at three forest management areas ofPerum Perhutani in East Java, Indonesia. 
To perform this study, mature teak plantations having age class 8 (71-80 years) at 
KPH Madiun, KPH Bojonegoro and KPH Saradan were used as the population of the 
study. This population was divided into five strata according to bonita (forest land fertility 
class): Stratum 1 (bonita 2.0), Stratum 2 (bonita 2.5), Stratum 3 (bonita 3.0), Stratum 4 
(bonita 3.5) and Stratum 5 (bonita 4.0). 
To estimate the mean volume and mean density of every stratum and the entire 
population, nineteen inventory methods were applied in the study area. These methods 
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consisted of two methods of point sampling (each with a different BAF), sixteen methods 
ofm-tree sampling and 0.1 hectare fixed-radius circular plot sampling. 
In applying these methods, ninety three samples for each method were selected 
systematically with random start from the whole strata in which the same sampling 
locations were used for every method. Measurements and data processing were 
performed in accordance with procedures of each method. These results were utilized to 
estimate the mean (volume and density), and variability of each method by using the 
procedures of stratified systematic sampling. 
The true value of the mean (volume and density) from the census of the forest was 
used to evaluate the reliability of each method in estimating volume and density of the 
forest studied. The methods having bias for volume or density estimation did not qualify 
for further comparison of efficiency. The efficiency of each method was compared by 
using the relative efficiency formula. 
The results of the study indicate that the application of methods of m-tree sampling 
(2) yields biased estimates of volume and density of the study area since the 95% 
confidence intervals of these methods generally shows departures from the true value of 
the mean volume and mean density of the population. This fact is probably due to the 
uniform spatial distribution of teak plantations in which the correction factor (m - 1)/m is 
presumably not suitable to be applied. 
In estimating volume of the population, 3-tree sampling (1) and 4-tree sampling (1) 
give biased estimates of the mean volume of the population. This indicates more trees 
need to be sampled at each field location to reduce bias. 
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The method of 5-tree sampling (1) shows the best accuracy and the best efficiency 
ratio for estimating volume of Strata 1, 2, 3, and 4. For Stratum 5, this method is 
considered as the second ranking in terms of efficiency since 7-tree sampling (2) appears 
with the best accuracy and the best efficiency ratio for estimating volume of this stratum. 
In general, 5-tree sampling (1) yields the best accuracy and the best efficiency ratio 
(0.3313) for estimating volume of the population studied. 
The method of 5-tree sampling (1) is found as the best method for estimating density 
of Stratum 1 since this method shows the best accuracy and smallest efficiency ratio 
(0.7388). However, this method only remains as the second ranking in efficiency ratio for 
Strata 2, 3 and the entire population since 3-tree sampling (1) has the best efficiency ratio 
for estimating density of Strata 2, 3, 4 and 5. In general, 3-tree sampling (1) yields the 
smallest efficiency ratio (0.5515) for estimating density of the population studied. 
To decide which method will be used in forest inventory of the forest studied will 
depend upon the need of management practice in the field. In general, for the timber 
management performed for teak plantations, both volume and density of mature forests 
are essential to furnish information for production planning. 
The results of similar studies showed the potential utility of individual methods of 
m-tree sampling for forest inventory. Various individual methods of m-tree sampling 





Among the methods applied in this study, 5-tree sampling (1) is generally 
considered the most accurate and most efficient method for estimating volume of the 
mature teak plantations studied. For density estimation, 3-tree sampling (1) generally 
appears as the most efficient method for estimating the number of trees of the study area. 
The application of 3-tree sampling (1) does not seem to be beneficial for inventory 
of the population studied due to its bias for volume estimation, its relative lack of 
precision for density estimation, and time of measurement in using this method together 
with another method having reliable estimate for volume estimation. In order to fulfill the 
need of providing basic data concerning both volume and density of the mature teak 
forest, 5-tree sampling (1) is favorable to be employed for inventory of mature teak 
plantations studied since this method generally gives better accuracy and efficiency for 
estimating both volume and density of the study area. 
The results of this study and similar studies indicate that various methods of m-tree 
sampling can perform as effectively as more conventional methods such as fixed-radius 
circular plot and point sampling. For the mature teak forests studied here, m-tree 
sampling was more efficient than fixed-radius circular plot and point sampling. The 
results of these studies should be useful for evaluating forest inventory alternatives in the 
future, especially for mature teak plantations in Java, Indonesia. 
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Company in 1982, in Banjarmasin, Indonesia; worked as The Administration 
and Planning Manager of PT. Surya Dumai Veneer Company in Pekanbaru, 
Indonesia from 1983 to 1984; employed by The Ministry of Forestry 
(Indonesian Government) in 1984 and promoted as the Head of Reforestation 
Section of the Regional Office of the Forestry Ministry for West Sumatra 
Province in 1986 to 1994; sent to participate on International Forestry 
Seminar at the University of Michigan in 1993; and sent to study at Oklahoma 
State University from 1994 to 1996. 
Professional Membership: Society of American Foresters, Alumnus of Bog or 
Agricultural University, Forestry Scholar Society ofIndonesia, and Xi Sigma 
Pi. 
